promotion of wound healing. Numerous chemical mediators regulate these events [1, 2] , produced fi rst by immune cells resident in the tissues and subsequently by activated leukocytes that have infi ltrated the site. Delineating the molecular mechanisms that coordinate this process is crucial for understanding the normal response to tissue damage. Furthermore, abnormalities in this early response have been linked to the pathogenesis of several diseases [3] [4] [5] [6] , and its modulation by pharmacological agents has important therapeutic implications.
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The "skin window" technique permits investigation of the acute infl ammatory response in vivo in humans. This typically involves creation of a lesion in the stratum corneum of the skin using a surgical scalpel [7] , a high-speed drill [8] or tape stripping [9] . These methods enable quantifi cation of leukocyte emigration, although recovery of fl uid exudate for measurement of secreted mediators and application of exogenous chemicals remains practically unreliable. Construction of an overlying chamber to address this drawback [10] can necessitate use of cumbersome apparatus and does not particularly simplify precise administration of immunomodulators. To circumvent these diffi culties, others have raised blisters by negative pressure suction [11] , from which contents can be aspirated and analyzed. Although effective in principle, these contain only a small volume of fl uid with few cells. Larger blisters can be elicited by topical application of cantharidin, a defensive compound derived from Meloidae coleoptera beetles [12] . Unfortunately, this chemical works by inhibiting protein phosphatases-1 and -2a [13] confounding studies of cell function and signalling. A further complication with blister-based methods relates to potential alterations in the nature of the infl ammatory infi ltrate; these include non-physiological attenuation of monocyte migration and neutrophil degranulation [14] .
We report here a refi ned skin window technique in which the abrasion is overlaid with fi lter papers onto which cells migrate and soluble mediators are absorbed. These papers can be impregnated with infl ammatory modulators to assess their effects on the acute response. A similar previous at-
Introduction
Insult or injury to the body elicits an acute infl ammatory response, in which extravasation of leukocytes and serum proteins leads to microbial killing, removal of debris and tempt was only reported for the sole assessment of studying cellular migration [15] . We have successfully employed this method elsewhere to demonstrate major differences in this response in the chronic infl ammatory disorder Crohn's disease [16] , and with a collaborating group to demonstrate the extent of leukocyte subpopulation categorization attainable [17] . We provide here full characterisation of the method, and demonstrate its further utility for examining other facets of leukocyte function and the effects of potential topical immunomodulators.
Methods

Subjects
Healthy subjects, defi ned as individuals with no infl ammatory disease and taking no medication, were identifi ed through the Department of Medicine, University College London (UCL). Patients with Crohn's disease were approached through the gastroenterology outpatient clinic at University College London Hospital (UCLH). The latter had quiescent disease (Harvey-Bradshaw score <3 [18] , serum C-reactive protein <5 mg/l, peripheral blood white cell counts within normal range) on no medication, with no signs of malnutrition. They were approximately matched with controls for age, sex and smoking history. Subjects were recruited by DJBM, SM, SB or AWS. The nature and possible consequences of these investigations were fully explained to all volunteers, from whom written informed consent was obtained. These studies were approved by the Joint UCL/UCLH Committee on the Ethics of Human Research.
Skin windows
All equipment used in these experiments was sterile. Forearms were cleaned with 70 % (v/v) ethanol (VWR, Poole, UK) and skin windows created by abrasion of a 30 × 10 mm area on the volar surface using grade C sandpaper (Homebase Ltd, Surrey, UK) until capillaries were visualized but before bleeding commenced. Lesions were always fashioned by the same investigator, and for each subject it was confi rmed by a second independent investigator that window sizes, and duration and intensity of abrasion, were uniform.
Abrasions were overlaid with sterile fi lter papers (Whatman Ltd., Maidstone, UK) saturated in injection-grade normal saline (B. Braun Medical Inc., PA, USA; 0.9 % w/v), either alone or containing muramyl dipeptide (MDP; 100 ng/ml, Sigma-Aldrich) or recombinant human interleukin-8 (IL-8; PeproTech, NJ, USA; 10 µg/ml). These were then covered with a layer of Nescofi lm sealing fi lm (Karlan, AZ, USA) and an adhesive dressing. Dressings and fi lter papers were removed after either 30 min, 6 h, 24 h or 48 h depending on the experiment. Subsequently, windows were washed briefl y with water and left open to heal without a dressing.
Cellular analysis
Filter papers were layered for 3 s on a glass slide, which was fi xed with methanol and stained by Romanowsky dye. Differential leukocyte counts were determined on the basis of cell morphology under microscopic examination (mean values taken from 5 randomly selected high power fi elds, more than 150 cells counted per subject).
Filters were next incubated in 400 µl normal saline on a rotating wheel (30 min, 4 °C) and centrifuged (15,000 g, 5 min, 4 °C) to elute secreted proteins. Intracellular contents were then extracted by incubating fi lter papers and cells in break solution (0.5 M NaCl, 1.5 % Triton X-100) containing Complete Mini protease inhibitor cocktail tablets (Roche, Rotkreuz, Switzerland). These were sonicated (10 × 1 s bursts) and centrifuged (15,000 g, 5 min, 4 °C), then the supernatant measured for myeloperoxidase activity by oxidation of 4-aminoantipyrine (Sigma), using horseradish peroxidase (Sigma) as a standard [19] . Myeloperoxidase is specifi c for neutrophil granules and its activity is therefore proportional to the number of these cells infi ltrating the lesion.
Measurement of secreted mediators
Levels of cytokines and other secreted proteins recovered from fi lter papers were quantifi ed by ELISA using commercially available kits following the manufacturers' instructions. These included IL-1b, IL-8, IL-10, IL-12, transforming growth factor-b (TGF-b) and tumour necrosis factor-a (TNF-a) (R&D Systems, Minneapolis, MN), albumin (Alpha Diagnostic International, San Antonio, TX), histamine (IBL, Hamburg, Germany), complement component C3a-desArg (ProGen, Heidelberg, Germany), prostaglandin E 2 (PGE 2 ) and leukotriene B 4 (LTB 4 , R&D Systems). To determine recovery effi ciency of cytokines, the technique was also performed on fi lter papers in vitro, which were blocked for 1 h in human serum from healthy volunteers then incubated with recombinant human IL-8 (Peprotech, Rocky Hill, NJ).
Analysis of intracellular protein markers
Leukocyte markers were detected in extracted cellular protein samples by solubilisation in Laemlli sample buffer (containing 0.06 M TrisHCl pH 6.8, 1 % sodium dodecyl sulphate (SDS), 0.03 M sucrose and 17.9 µM b-mercaptoethanol), electrophoresis through a 10 % SDS-polyacrylamide gel, and transfer to a Hybond-P membrane (Amersham plc, Amersham, UK) using Tris-glycine buffer pH 8.2/20 % methanol in a semi-dry Trans Blot SD blotter (Bio-Rad Laboratories, Hercules, CA). Membranes were blocked for 1 h at room temperature in 5 % non-fat milk then probed for 15 h at 4 °C with antibodies (raised in our laboratory as described previously [20] ) against myeloperoxidase or lactoferrin. Membranes were washed three times in phosphate-buffered saline (PBS)/0.05 % Tween-20 and incubated with peroxidase-conjugated donkey anti-rabbit immunoglobulin (Amersham plc) for 1 h at room temperature. After a further three washes, bands were visualized by use of the ECL Plus chemiluminescent system (Amersham plc).
Multi-channel Western blots
In separate experiments, cells from 75 % of the fi lter paper area were removed using a cell scraper, with simultaneous lysis in 1 ml hypotonic buffer (10 mM HEPES pH 7.9, 10 mM KCl, 10 mM EDTA, 10 mM dithiothreitol (DTT), Protease Inhibitor Cocktail (Sigma), 0.5 % IGE-PAL and phosphatase inhibitors: sodium fl uoride, sodium orthovanadate and sodium pyrophosphate) [21] under rotation at 4 °C for 10 min. Following centrifugation (15,000 g, 3 min), supernatants were taken as cytosolic fractions, and pellets retained for nuclear proteins.
Cytosolic protein was quantifi ed by Bradford assay. Equal concentrations (250 µg/ml) were run across the top of a 10 % SDS-polyacrylamide gel containing a single long well and transferred to a Hybond-P membrane, and blocked as previously. The membrane was placed on a Mini-protean II multiscreen apparatus (Bio-Rad Laboratories) that allows probing with 16 antibodies on a single blot. Primary antibodies (1:1,300; Cell Signaling Technology, Beverly, MA) were incubated overnight in Tris-buffered saline (TBS)/5 % bovine serum albumin (BSA) at 4 °C. The membrane was then removed from the multiscreen device, washed (5 times, 5 min), and signal detected as before. Developed fi lms were scanned and band density calculated on a densitometer (ChemiGenius 2 Bio Imaging System and Gene Tools software; Syngene, Cambridge, UK). Background activity was automatically deducted from each sample by the software. Densitometry results were normalized to the band obtained with the ERK-Specifi c Antibody.
DNA-binding proteins
Nuclear pellets prepared as described above were resuspended in 200 µl Complete Lysis Buffer (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM DTT, 10 % glycerol, Protease Inhibitor Cocktail) and incubated on a shaking platform at 4 °C for 30 min. The extract was centrifuged (15,000 g, 10 min, 4 °C) and the supernatant used to probe TranSignal Protein/DNA Arrays Version I (Panomics, Redwood City, CA) as instructed by the manufacturer. These are spotted with 54 different consensus-binding sequences, each corresponding to a specifi c transcription factor. In brief, 15 µg of total nuclear proteins were incubated with biotin-labeled DNA-binding probes (TranSignal Probe Mix) to allow the formation of protein-DNA complexes. Free probes were separated by electrophoresis in agarose gels, then complexed probes eluted and hybridized to the TranSignal membrane. Signals were detected by chemiluminescence.
Reverse transcriptase-PCR
In separate experiments, cells attached to one-eighth of each fi lter paper removed from skin windows were lysed by vortexing in guanidium thiocyanate solution (RLT buffer, Qiagen Inc., Santa Clarita, CA) supplemented with 0.1 M 2-mercaptoethanol. Total RNA was isolated with the RNeasy mini kit (Qiagen), 1 µg of which was then reverse transcribed using dT primers. A cDNA equivalent corresponding to 20 ng of total RNA was amplifi ed in each reaction. Primers used for PCR were:
As a control of mRNA input, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were determined for each sample in separate reactions. PCR reactions contained dNTPs and buffer as supplied by the manufacturer, 500 pM of each specifi c primer and 3 U Taq polymerase (RedTaq, Sigma). Transcripts were amplifi ed for 29 cycles with CD14 primers (30 s at 94 °C, 30 s at 56 ºC, 30 s at 72 ºC) and 20 cycles for GAPDH primers (30 s at 94 ºC, 30 s at 58 ºC and 45 s at 72 ºC), followed by 7 min at 72 ºC. PCR products were analyzed by 2.0 % agarose gel electrophoresis, stained with ethidium bromide, and visualized under UV illumination. PCR was performed using different cycle numbers to ensure that amplifi cation was occurring within the linear range.
Statistical analysis
Results are expressed as mean ± standard deviation unless otherwise stated. Statistical tests were performed with GraphPad Prism v4.01 (GraphPad, San Diego, CA). The two-tailed students' t-test was used for single comparisons, and Kruskal-Wallis Analysis of Variance (ANOVA) with Dunn post-tests or two-way ANOVA with Bonferroni post-tests used for multiple comparisons. Comparison of neutrophil numbers in repeated skin windows was performed using a paired sample t-test.
Results
Acceptability
Dermal abrasion (Fig. 1a) was used to create windows of a standard area (Fig. 1b) . This process was described as uncomfortable but not painful until capillary beds were visualized, at which point abrasion was discontinued. There was no bleeding into windows, thrombus formation or evidence of infection in any subject.
Windows were not painful over the course of the experiment, although a small number of subjects described mild tenderness if pressure was applied within the fi rst 24 h. The technique did not interfere with the daily activities of any participant. Scabs developed over windows within 24 h of removing fi lter papers, and skin re-epithelialized within 15 days (Fig. 1c) . A minority of participants reported hypopigmentation at abrasion sites, usually transient lasting no more that 2 months. There were no additional side effects. In terms of acceptability, therefore, this method is comparable to alternative available techniques [7] [8] [9] 11] .
Cellular infi ltrate
Neutrophils comprised the majority cell population infi ltrating skin windows in healthy individuals at each time point (Fig. 2a) . Lymphocytes accounted for approximately 15 % of the leukocytes present throughout the experiment time course. Monocyte/macrophage infl ux increased with time: at 48 h, monocyte/macrophages were more abundant than at 6 or 24 h (P < 0.01 and P < 0.05 respectively), whereas the proportions of neutrophils had decreased (P < 0.001 compared to either time point). Absolute numbers of leukocytes at 24 h were calculated by measurement of neutrophil intracellular myeloperoxidase and from the relative cell numbers previously determined. At this time, 36.2 ± 7.3 × 10 6 neutrophils, 4.8 ± 2.2 × 10 6 lymphocytes and 6.7 ± 7.1 × 10 6 monocytes/macrophages were present. In 4 subjects, a second skin window was created on a subsequent occasion. Neutrophil numbers did not signifi cantly differ between the fi rst and second windows in these subjects (coeffi cient of variation = 0.62, P = 0.84).
Production of infl ammatory mediators
The production of infl ammatory mediators in healthy subjects was assessed at 30 min (Fig. 2b ) and 24 h (Fig. 2c) . At 30 min (n = 7), histamine (16.08 ± 1.80 ng/window; mean ± s. d.), activated complement component C3a (27.78 ± 3.25 ng/window; measured as the rapidly generated stable conversion product C3a-desArg, which allows reliable quantitation of C3 activation [22] ), and eicosanoids PGE 2 (402.65 ± 59.13 pg/window) and LTB 4 (193.83 ± 15.98 pg/window) were readily detectable, as well as minimal concentrations of IL-1b (165.18 ± 154.68 pg/window). By 24 h, substantial cytokine production, including IL-8 (329.63 ± 44.50 ng/window, n = 12), IL-1b (36.38 ± 9.68 ng/window, n = 15) and in some subjects TNF-a (1232.90 ± 1620.53 pg/window, n = 6), was observed, as was albumin extravasation (11.30 ± 5.15 mg/window, n = 12). Other cytokines assayed were not detectable at these time points.
The effi ciency of cytokine recovery from fi lter papers was determined by performing the technique in vitro, using fi lter papers pre-incubated with known concentrations of recombinant human IL-8. Cytokine was then extracted by the same method applied in the in vivo system; recovery effi ciency was 76.02 ± 3.80 % (n = 6), and equivalent in the 10 -9 and 10 -6 g/ml ranges.
Modulation of the acute infl ammatory response by exogenous mediators
MDP is a well-established synthetic immune adjuvant, chemically related to a subunit of bacterial peptidoglycan [23] . Its pro-infl ammatory action is achieved through induction of cytokines, including IL-8, by mononuclear phagocytes [16, 24] . When applied to skin windows in 3 healthy subjects, myeloperoxidase and lactoferrin content increased but not albumin (Fig. 2d) , indicating increased neutrophil emigration consistent with established effects on cytokine production. One potential confounding issue with this technique was saturation with cells by 24 h such that the entire fi lter paper surface area was covered. To circumvent this problem, we increased their dimensions to 35 × 15 mm to examine the effects of topical IL-8 administration. IL-8 treatment augmented both myeloperoxidase (Fig. 2e) and IL-1b (Fig. 2f ) concentrations in skin windows; this also indicated that these fi lter papers were not saturated with cells. 
Cytosolic signalling pathways
The phosphorylation status of 51 proteins involved in a panel of major cell signal transduction pathways was examined in cytoplasmic extracts of exuded leukocytes. In cells from fi ve healthy individuals, we observed consistent phosphorylation of FKHR at 6 h (not shown); 4E-BP1, p38 MAP kinases, ERK, MEK, Akt, protein kinase C (PKC) and SAPK/JNK at 24 h (Fig. 3a) ; and Akt and PKC at 48 h (not shown).
We subsequently searched for abnormalities in fi ve Crohn's patients. Although the phosphorylation status of the majority of these proteins was unchanged, a few differences were apparent (Fig. 3b) . The most striking was supranormal phosphorylation of PKC, specifi cally the PKC a/b isoform (Fig. 3c) , observed in all patients at each time point. Two Crohn's patients also had diminished phosphorylation of 4E-BP1, whilst that of P70S6 kinase was increased. A third patient had decreased phosphorylation of Akt, and a fourth of p38 MAP kinase. This contrasted with the minimal variability in these proteins observed in healthy subjects.
Levels of phosphorylation of a few proteins were quantifi ed by densitometry. These were normalized against nonphosphorylated ERK determined on the same blot; the amounts of which were similar in all subjects. Levels of phosphorylation of both ERK and NF-kB p105/p50 were not signifi cantly different between healthy controls and Crohn's patients (phosphorylated ERK: 26.6 ± 6.3 and 28.2 ± 10.2 relative units respectively; phosphorylated NF-kB: 17.5 ± 6.9 and 14.0 ± 4.6 relative units respectively). In contrast, phosphorylation of PKC was signifi cantly greater in Crohn's patients (1.2 ± 0.9 and 11.3 ± 3.1 relative units respectively, P < 0.02).
Transcription factor activation
We performed DNA/protein arrays (layout of arrays available at http://panomics.multipath.net/pdf/PD_Array_ 1_with_ap.pdf) to simultaneously screen a large number of transcription factors for DNA binding activity.
Gene expression
Reverse-transcriptase-PCR was utilized to determine the potential for gene expression analysis in exuded cells recovered using this technique. Approximately 1-2 µg of total RNA could be isolated from one-eighth of the total amount of Expression of mRNA in exuded cells from 4 subjects. Reverse transcriptase-PCR was performed for CD14 and GADPH, levels of which were similar in all samples. Of the 54 proteins assayed, the activity of 44 could be detected (Fig.  3 d, e) . A total of 4 subjects (2 healthy; 2 Crohn's patients) were compared with minimal variability detected between individuals.
exuded cells. This would be suffi cient to analyze expression of over 50 genes, or in excess of 400 genes from the whole sample. CD14 RNA levels were ascertained to evaluate the relative numbers of monocytes within exuded leukocyte populations at 24 h. These were similar in all subjects studied, after normalizing mRNA input with the housekeeping gene GAPDH (Fig. 3f) .
Discussion
Although previous skin window techniques have been used to characterize acute infl ammatory responses in both health and disease, most possess signifi cant drawbacks in terms of cell or infl ammatory mediator recovery [12] . The modifi cations introduced here facilitate reliable collection of both components. The protocol permits analysis of all facets of the infl ammatory response, including cellular infl ux and phenotype, secretion of infl ammatory mediators, and cell function in terms of activation of cytosolic signalling pathways, DNA-binding activity of transcription factors and gene expression. The system also allows investigation of the effects of exogenous mediators, which can be directly applied to abrasions.
Leukocytes migrating into skin windows were predominantly neutrophils, the fi rst cellular line of defence against infection and other insults [25] . Proportionally, these were partially replaced by mononuclear phagocytes over the subsequent 48 h, cells that contribute to removal of neutrophils after the clearance of debris and wound healing [26] . Purifi cation of skin window leukocytes could be achieved using additional steps of either centrifugation through a Percoll gradient [27] , or positive or negative selection with antibody-tagged magnetic beads [28] . Such differential separation using our technique has been described elsewhere [17] .
In conjunction with cellular extravasation, high concentrations of pro-infl ammatory mediators were exuded into the windows. It is probable that a major source of these cytokines were resident and infi ltrating leukocytes, although production by epithelial cells is also well-documented [29, 30] . It would be diffi cult to determine the relative importance of either source without performing skin biopsies in human volunteers (diffi cult in practice) or use of an animal model. Non-traumatized controls also cannot be obtained, although the non-linear rise in cytokine concentrations provides evidence of stimulated production.
Concentrations of pro-infl ammatory mediators were broadly similar amongst healthy individuals studied. This promotes use of our technique as a valuable method for examining the in vivo signifi cance of polymorphisms in genes involved in the infl ammatory response, such as cytokines, many of which may predispose to disease [31] [32] [33] [34] . The consistency in albumin levels further supports the inter-individual reproducibility of the technique, and provides an appropriate indicator of the extent of trauma for normalization of results when comparing skin windows between individuals or different treatments. This was exemplifi ed when examining the effects of MDP on the infl ammatory response. Neutrophil markers were elevated but albumin was unchanged, implying that changes were specifi c to the immunoadjuvant rather than refl ecting differential traumatisation. This could be exploited in the development of topical immunomodulatory drugs.
Analysis of cell signalling events in exuded leukocytes in terms of phosphorylation status of a panel of key proteins revealed highly consistent patterns amongst healthy subjects. Akt could be central within this scheme, documented to induce downstream activation of many of the other molecules found to be phosphorylated [35, 36] . Akt itself plays a critical role in cell survival by inhibiting apoptosis through phosphorylation of FKHR [37] and MEK/ERK [38] . It can also activate other pathways including that utilizing 4E-BP1, which promotes mRNA translation [39] . It is not possible from this model to distinguish defi nitively pathways that are constitutively active from those stimulated during the infl ammatory response, as there can be no non-traumatised control sample. Relevant information could instead be obtained by following the evolution of phosphorylation patterns in serial skin window leukocyte samples, or determining the effects of pharmacological agonists and antagonists of identifi ed pathways in vivo or in vitro.
The functional signifi cance of differences observed in Crohn's disease remains unclear and merits further investigation, in particular the most consistent fi nding of hyperphosphorylated PKC a/b. This protein interacts with multiple signal transduction pathways [40] . Altered phosphorylation of molecules involved in protein translation, including P70S6 kinase [41] and 4E-BP1 [39] , may contribute to defective synthesis of infl ammatory mediators in this condition [16] . Although leukocyte migration into skin windows is diminished in Crohn's disease [16] , the magnitude of the defi ciency is insuffi cient to account for the differences in phosphorylation, especially given the similarities in a large panel of other proteins and transcription factor profi les. Whether these abnormal patterns represent primary pathogenic events will be diffi cult to prove, although exclusion of patients with active disease on medication removes such potential confounding infl uences.
The amount of nuclear proteins obtained allowed for maximum sensitivity of DNA/protein arrays. In this model of acute infl ammation, activity of 82 % of factors assayed could be detected. Although no differences were observed in Crohn's patients, further useful information could be provided by time course experiments in this group and healthy subjects. Of the transcription factors that were detected bound to DNA in each subjects, many have been directly associated with the pro-infl ammatory response, including NF-kB and STAT-4. These are consistent with an activated state of infi ltrating leukocytes. Interestingly, although the transcription factor SMAD has been previously implicated in the pathogenesis of infl ammatory bowel disease [42] , we observed similar activities in Crohn's patients and healthy controls. Quantities of mRNA extracted were also suffi cient to allow extensive analysis of gene expression by reverse transcriptase-PCR or cDNA microarrays.
In conclusion, the modifi ed skin window technique presented here provides a powerful tool for examining the acute infl ammatory response in humans, the effects of immunomodulators, and its dysregulation in disease. As well as delineating molecular mechanisms involved in initiation of infl ammation, it could provide insights into processes leading to resolution and healing. These will be of particular relevance in understanding the pathogenesis of both chronic infl ammatory diseases and conditions characterised by aberrant healing such as excessive fi brosis.
